Lop Nur once was a huge lake located in northwestern China. At present, there is no surface water in Lop Nur Lake basin and on SAR images it looks like an "Ear. " The objective of this paper is to retrieve the depth of subsurface brine layer in Lop Nur by copolarized phase difference of surface scattering. Based on field investigation and analysis of sample properties, a two-layer scattering structure was proposed with detailed explanations of scattering mechanisms. The relationship between copolarized phase difference and the brine layer depth in the region of Lop Nur were studied. The copolarized phase difference of surface scattering was extracted by model-based polarimetric decomposition method. A good linear correlation between measured subsurface brine layer depth and copolarized phase difference with R2 reaching 0.82 was found. Furthermore, the subsurface brine layer depth of the entire lake area was analyzed. According to the retrieved maps, some interesting phenomena were found, and several hypotheses about the past water withdrawal process and the environmental evolution had been proposed to theoretically explain these phenomena. Based on the penetration capability of SAR the reconstruction of historical evolution process of Lop Nur will be an interesting topic for future research.
Introduction
Lop Nur was once an extensive lake located in the Xinjiang Uygur Autonomous Region in the eastern Tarim Basin, in northwestern China. Lop Nur is located in a typical arid region, which is highly sensitive to climate change, and its history of environmental changes is significant for understanding historic global climate change [1] [2] [3] . The Lop Nur basin was an important section of the ancient "Silk Road, " famous as the prosperous communication channel between Eastern and Western cultures. However, Lop Nur has completely dried up during the 20th century, leaving earshaped concentric strips (interchanging bright-grey appearance) visible in remote sensing images ( Figure 1 ) [4] [5] [6] . Many assumptions have been made about its formation, but they remain to be proven by scientific evidence, and therefore its formation has remained a mystery [7] . It has been called the "Drought Pole" and the "Sea of Death" because of its extremely dry conditions and poor accessibility [6] . The lake area may expand and shrink several times because of the periodic arrival of moist airflow or flooding. It serves as a region of salt and water accumulation in the Tarim Basin and is therefore rich in mineral salts with many salts at the surface and very low moisture content. With the penetration ability of synthetic aperture radar (SAR) signals and the arid environment of Lop Nur, it is believed that SAR can detect subsurface targets and reflect the information of the thickness of the dry soil layer [8] .
One of the significant advantages of SAR is penetrating dry soil. In 1981, space shuttle Columbia installed an Lband HH polarization imaging radar system SIR-A and obtained many images. Scientists have made many valuable applications of the results. Most notably, McCauley of the United States Geological Survey found ancient river and human remains in the eastern Sahara desert under sand cover using SIR-A image analysis, which caused a sensation in the remote sensing and meteorological communities [9] . Blom found igneous dikes buried under up to 2 m of alluvium in the Mojave Desert of California detected by the SEASAT Lband (23.5-cm wavelength) SAR [10] . These findings suggest that subsurface features with potential tectonic or geomorphic significance may be revealed in other orbital radar images in semiarid terrains. Schaber et al. further studied the effects of physical factors that affect penetration and attenuation [11, 12] and found that the estimated penetration depth of L-band radar is approximately 1.5 m through sandy sediment in the southern desert of Egypt [13] . In addition, there are many scientists using SIR-B and SIR-C to study subsurface geological structures and radar penetration depth in desert areas [14] [15] [16] [17] .
In radar remote sensing, copolarized phase difference has a lot of physical meaning and special significance. Lasne et al. found that the copolarized phase difference has a good correlation with the depth of the dry sand layer [18] . This phase signature may be used as a new tool to map subsurface moisture in arid regions. In their study, a phase difference of 23 ∘ between the horizontal (HH) and vertical (VV) channels was clearly observed. It allows the detection of the wet paleosoil down to a greater depth (5.2 m) than when only considering HH and HV amplitude signals (3.5 m). They performed several experiments and published many articles to validate their theory [19] [20] [21] [22] [23] . Lop Nur also has a two-layer soil structure area and therefore, based on the theory of Lasne et al., we will study the copolarized phase difference in the Lop Nur Lake Basin.
The theory of Lasne et al. is based on the field created by a wet paleosoil layer, which is covered by a dry sand layer. The structure of their research objective is relatively simple, while the structure and chemical composition of the soil layer in the Lop Nur region is more complex, with a rough rock shell on the top surface (Figure 2) , and an aqueous saline soil layer in the subsurface. It therefore has complex scattering mechanisms that in this area not only include pure surface scattering, but also subsurface scattering with a complex signal propagation mechanism. To study and verify the applicability of the phase signature based inversion methods of soil thickness in the Lop Nur region, we applied the ALOS L-band full polarization data and the model-based polarization decomposition method to extract copolarized phase difference of the surface scattering. Based on the theory of Lasne et al. [18] , we established an empirical relationship between the underground aquifer layer depth and the copolarized phase difference of the surface scattering. The objective of this study was to model and validate the capabilities of the L-band ALOS SAR to penetrate saline soil to detect the subsurface aquifer and to invert the underground aquifer layer depth and use the depth inversion map to study the distribution of the subsurface brine layer in the Lop Nur Lake region.
The study of the underground aquifer depth in the Lop Nur region is of profound environmental and climatic significance. It can reflect the distribution of the underground brine layer in the basin area, revealing subsurface structures below the rock shell, and contribute to the analysis of the cause of the large ear feature in the Lop Nur Lake. Furthermore, this work can provide reference information on past climate history. In addition, the proposed methodology can also be used for detecting underground aquifers in arid regions and the assessment of the stages of farmland soil drought.
First, the test site and field investigations are described. The principles and methods are introduced in the next section. The experimental inversion results of the subsurface brine layer depth of a line perpendicular to the stripes and the entire area are presented and discussed in section three. Finally, conclusions and future topics are presented at the end of this paper. [1, 2] . Because Lop Nur is located far from any ocean and the northeasterly winds prevail throughout the year, it is difficult for moist marine air masses to reach the area; thus, the climate is extremely arid. It is the most arid region of Eurasia, with less than 20 mm of annual precipitation and over 3000 mm of evaporation. The former lake bed displays features of extreme salinification and severe wind erosion, and a large number of rimosus salt crusts are found in the lake basin, resulting in an extremely coarse surface and fairly complex scattering mechanisms that developed during soil formation [8] .
Materials and Methods
Optical and radar images of the Lop Nur Lake area show alternating light and dark textures, where the ring-shaped contour texture resembles a large ear, as shown in Figure 1 . Lop Nur is a typical extreme arid region of western China and the world with its changes and history of drying recording the changes in the environment. Studies have shown that the Lop Nur ear feature is a true record of the demise of the lake, with implications for climate change from wet to dry. Remote sensing technology facilitates the spatial analysis of the distribution of the Lop Nur Lake sediments, which can help us analyze global climate change in arid regions. Figure 1 shows the investigated routes and the distribution of the sampling points, and Figure 2 shows the surface condition and outdoor soil sample collection. HH polarization and ScanSAR mode ALOS-PALSAR data obtained on January 15, 2011, were used as the base map in Figure 1 .
Because the radar signals at the L-band have relatively high penetration, this study uses mainly the ALOS-PALSAR remote sensing data to analyze the scattering characteristics of the Lop Nur Lake basin and to perform a phase signature study based on the Freeman target decomposition method. The L-band ALOS-PALSAR imagery for the Lop Nur area is the full polarimetric mode obtained on May 6, 2009 , and the off-nadir angle is 23.1 ∘ . Images were reprojected onto the UTM/WGS84 coordinate system after basic radiation and geometric correction and processed with PolSARprov4.0 and ENVI 5.0 software.
Field Investigation and Sample Collection.
To obtain detailed information on the composition and structure of the surface and subsurface features in the study area, the research group performed six scientific field investigations in Lop Nur, beginning in 2006. The field investigations and measurements define the existing knowledge and research results from Lop Nur and provide powerful data in support of the subsequent quantitative analysis of the scattering mechanisms.
We visited the ruins of the Loulan Kingdom and the Lop Nur Lake basin, where lacustrine deposits were sampled along a 41 km profile at intervals of 2 km to the northeast of the Lop Nur Lake, as shown in Figure 1 . Lacustrine samples from the surface and subsurface were collected at every sampling site. Twelve salt crystal and brine samples were also collected from certain sampling sites. The second field investigation was conducted in November 2008, when GPR (Ground Penetrating Radar) was first used to collect Lop Nur subsurface structural information. In November 2008 field investigation, the GPR detected a boundary between the dry upper layer and the wet lower layer at depth of about 50-55 cm, ranging from the centre to the edge. The measurements made by GPR have the same trend with L-band SAR. Another three field trips were completed in December 2008, April 2010, and November 2010 to determine the northern and western parts of the shoreline and to verify the existence of the shoreline of the East Lop Nur Lake, which has been buried by the lacustrine deposits of the West Lop Nur Lake.
The 2013 field experiments spanned from October 14 to November 3, for a period of 21 days, and this paper is based on this field investigation. The main work included radar remote sensing field sampling, surveying and sampling the OSL sample area, spectral measurement, and sampling. Among them, the radar remote sensing field sampling and spectral measurement expedition route was the same as the route in 2008. Field samples were collected from 43 locations with a total of 622 samples, including 224 large and small boxes for measuring ion content and moisture content, 114 boxes for laboratory measurement of dielectric properties, and 60 optical luminescence light specimens. Based on their sedimentary characteristics, six lacustrine deposit samples were collected for each sampling site from the surface to the base of each sampling pit at different depths and numbered as samples one through six. The depth of the pits ranged from 50 cm to 120 cm. The samples were kept fresh in sampling boxes and transported to the laboratory for analysis, including moisture testing, ion content (e.g., Na + , Ca 2+ , K + , Cl − , and SO 4 2− ), particle size, pH, and the real ( ) and imaginary ( ) parts of the dielectric constant. area and the unique ability of SAR to penetrate in the arid region, the scattering mechanism in this area includes pure surface scattering and complex signal propagation mechanisms in subsurface structure. Based on the Lop Nur radar image features combined with field and laboratory measurement data, we conclude that there is a special subsurface layer in the Lop Nur Lake area with different dielectric properties from the other layers (wet and dry change interface). At present, the bed of the Lop Nur Lake is extremely flat and uniform, with endless dry salt crust in all directions. The upper layer of the salt crust is extremely dry with no water content, resulting in a very low complex dielectric constant (the dielectric constants of upper layer is very low, about 3-0.2 j for C band and 3.5-1 j for L band). However, with further digging into the lacustrine deposits, a moist layer was found beneath the upper dry layer on all sampling sites. Furthermore, at some sampling sites, brine was clearly visible and even gushed out. In general, brine is visible at depths of 50-60 cm. Figure 3 shows that the moisture increased abruptly from the fourth (average depth of 40 cm) to the fifth sample (average depth of 50 cm), counting from the surface to the base in each sampling pit. The locations of the fourth and fifth samples are not fixed, because every sample site has its specific subsurface condition. The average moisture of the first four samples was approximately 2%, but the moisture of the fifth sample increased to at least 10%. From the center to the edge of the lake, the variation of moisture in the lacustrine deposits at the same layer position is not obvious [6] .
Principles and Methods

Scattering Mechanisms and Phase
For scattering mechanisms, the SAR signal can penetrate the rough surface to detect subsurface targets because the top layer has lower dielectric properties, which indicates that the attenuation effect on the signal is weak. Typically, Figure 4: Two-layer structure and scattering mechanisms, where stands for complex dielectric constants, is the thickness of layer 1, represents Fourier transformation of surface correlation function, and are RMS height and correlation length, respectively, a is albedo, means extinction coefficient, and and accounts for incidence and transmission angles.
the various effects of signal propagation process cannot be considered one by one. Based on the actual situation, the structure can be simplified by highlighting the main factors to take advantage of a simple model or the combination of models for quantitative characterization. In Figure 4 , the Lop Nur subsurface structure is simplified into a two-layer medium layer. For the bottom layer, the water content is close to saturation, the dielectric properties are significant, and the signals cannot continue to spread. Therefore, we only consider the second layer and the parts above it as the main factors.
When the signal arrives at the top interface, strong surface scattering will occur because of the rough microtopography. Then, the transmission effect will allow a partial signal to propagate sequentially into layer 1, where absorption and volume scattering may attenuate the signal intensity. Here, to reduce the complexity of the modeling and to conduct validation combined with model-based polarimetric decomposition results, only the absorption effect is considered. After attenuation, the signal arrives at the bottom interface, where surface scattering occurs once more. Note that, in view of the simple sedimentary environment of Lop Nur, the roughness of the bottom interface is not severe. This assessment agrees with the GPR results, which show that the subsurface interface is much smoother. The signal will transmit continuously into the lower layer, but because of its notable dielectric properties, the imaginary part in particular, which accounts for the attenuation ability, has no strong backscattering intensity. In summary, only the surface scattering at the top and bottom interface and absorption attenuation are considered for the scattering mechanisms of Lop Nur [6] . Based on the measured parameters and the analysis described above, the two-layer structure was used in this study. The specific scattering mechanisms are shown in Figure 4 . Based on the theory of Lasne et al., this two-level structure with a dry upper soil layer and a subsurface brine layer will have a copolarized phase difference in the PolSAR images. Next, we will briefly introduce this theory.
The total complex backscattered signal SAR is the coherent sum of the contributions of the top and bottom surfaces, which can be written as
with each term described by its amplitude and phase . Equation (1) can be represented as the sum of two vectors as shown in Figure 5 and we can set a phase origin so that the phase associated with the sand layer is zero. We can then express the HH and VV polarization as HH∠ HH = HH + HH∠ HH,
With some approximation, we can assume that the phase of HH and VV signals backscattered by the bottom interface is the same:
The phase is only a function of the distance traveled by the incident wave through the sand layer of thickness :
with R[ / ] as the remainder of divided by . Then, the phase of the total backscattered signal in Figure 5 can be expressed as
and we can obtain the phase difference between HH and VV signals as
In [18] Lasne et al. found that the phase difference increases with respect to the thickness of the overlying sand. In the same article they used an analytical approach based on IEM, which was proposed by Fung [24, 25] , that reproduced the phase difference between HH and VV signals as a function of the sand layer thickness. Using this analysis we discovered that our study area has similarities with theirs. In this paper, we will introduce this theory to the study of subsurface aquifers in the Lop Nur region.
The study area of Lasne et al. was a two-layered structure consisting of a layer of dry sand and a wet paleosoil layer, which is a relatively simple structure. In their study area, relatively weak surface scattering will occur at the surface of the first layer of dry sand. Then, following attenuation some of the signals will arrive at the second wet-paleosoil layer, and relatively strong surface scattering will occur at this layer there. As shown in Figure 4 , when the SAR signals spread on to the surface in Lop Nur, the surface morphology is very rough at the interface of the first layer, and surface scattering will occur at the rough surface (including single and multiple scattering). Due to the low dielectric properties of layer 1 (very dry), part of the energy will spread into layer 1. In this process, we must take the attenuation effects into consideration. When the signals reach the interface between layers 2 and 1, there will be a surface-like scattering effect due to the differences of the dielectric properties between the two layers. The process and structure described above are suitable for the application of the theory of Lanse et al. However, because of the special structure and chemistry of the Lop Nur surface and subsurface soil, this area experiences surface, dihedral, and volume scattering. Therefore, we must use the model-based polarimetric decomposition method to calculate the copolarized phase difference corresponding to the surface scattering mechanism.
Model-Based Polarimetric Target Decomposition.
There is a theoretical relationship between the copolarized phase difference of the surface scattering and the thickness of dry soil layer. In Lop Nur the two-layer scattering mechanism of the dry sediments is special and complex. This region has single and multiple scattering from the upper soil surface, surface scattering from the subsurface layer, and dihedral, volume, and other scattering mechanisms. To extract the phase difference of the contributions from surface scattering we applied the classical Freeman-Durden decomposition method. The Freeman-Durden decomposition is a technique for fitting a physically based, three-component scattering mechanism model to the polarimetric SAR observations, without using any ground truth measurements [26, 27] . It decomposes the targets covariance matrix into three components by meeting the reflection symmetry. The advantage of the Freeman-Durden decomposition is that it is based on the physical mechanisms of radar backscattering, and its results are easy to correspond to typical scattering mechanisms. It is very practical for application.
We take the phase information into consideration in the dihedral and surface scattering mechanisms. The total covariance matrix is expressed as the sum of the three matrices accounting for the contributions of volume VOL , surface ODD , and dihedral DBL , as proposed by Freeman and Durden:
The first component of the Freeman-Durden decomposition consists of a first-order Bragg surface scatterer modeling slightly rough surface scattering in which the cross-polarized component is negligible. In this paper a phase difference between the HH and VV backscatter terms is included to model any propagation delay for H and V from radar to scatter and back [28, 29] . The scattering matrix for a Bragg surface has the form
where is the local incidence angle and is the relative dielectric constant of the surface.
This scattering matrix yields a surface scattering covariance matrix ODD as
where corresponds to the contribution of the singlebounce scattering to the | VV | 2 component, with
The double-bounce scattering component is modeled by scattering from a dihedral corner reflector, such as groundtree trunk backscatter, where the reflector surfaces can be made of different dielectric materials. The vertical trunk surface has reflection coefficients TH and TV for horizontal and vertical polarizations, respectively. The horizontal ground surface has Fresnel reflection coefficients GH and GV . The model can be made more general by incorporating propagation factors 2 ℎ and 2 V , where the complex coefficients ℎ and V represent any propagation attenuation and phase change effects. The covariance matrix for doublebounce scattering is therefore
where corresponds to the contribution of the doublebounce scattering to the | VV | 2 component, with
The volume scattering from a forest canopy is modeled as the contribution from a cloud of randomly oriented cylinderlike scatters. We then assume that the scatterers are randomly oriented about the radar look direction with an angle from the vertical polarization direction and the probability density function of the orientation angle is assumed to be uniform ( ( ) = 1/2 ). The volume scattering averaged covariance matrix VOL is thus given by
where V corresponds to the contribution of the volume scattering component. For all of these backscatter components, it is assumed that the backscatter is reciprocal. It has also been shown that the like-and cross-polarized returns are uncorrelated. Taking into account the previous considerations, the main elements of the int matrix can be decomposed as
Now we can estimate the volume scatter contribution directly. The volume contribution can then be subtracted from 11 Figure 6 : The distribution of the copolarized phase difference from the surface scattering contribution throughout the Lop Nur Lake area got from Freeman-Durden model-based decomposition method. In the lake area we can see significant changes in copolarized phase difference.
from the residual radar measurements. In most of our area the Re( HH * VV ) is positive, which indicates that the dominant contribution is surface scatter. We can therefore calculate out | | and Δ
Vℎ
. Then, the copolarized phase difference of the surface scattering mechanism can be expressed as
Results and Discussion
To retrieve the brine layer depth, the copolarized phase difference from the surface scattering contribution in Lop Nur must be calculated first. Because of the special structure and chemistry of the Lop Nur surface and subsurface soil, there are several different scattering mechanisms. To extract and calculate the surface scattering mechanism and the corresponding copolarized phase difference, we used a physically based polarization decomposition method. In recent years, scattering model-based polarization decomposition methods have gained more attention, because we can establish a correspondence between its decomposition results and the specific scattering mechanism. It is also very easy to understand and apply. We calculated the copolarized phase difference information of the Lop Nur Lake basin using the FreemanDurden decomposition as described in Section 2.2.2. The phase difference is due to the two-layer structure of the Lop Nur Lake basin. Figure 6 shows the distribution of the copolarized phase difference from the surface scattering contribution throughout the Lop Nur Lake area. We can see significant changes in the copolarized phase difference in the lake area, which is also distributed in a ring shape in the ancient lake in the Lop Nur region. Based on the research of Lasne et al., in areas that have a two-layer structure (a layer of wet soil covered by a dry sandy layer), there is a high correlation between the depth of the subsurface dielectric layer and the copolarized phase difference. Within a certain range of the depth distribution of the dry-upper layer, the copolarized phase difference increases with the depth of the subsurface wet layer. The Lop Nur Lake basin also has a two-layer scattering structure. There is a significant change in the dielectric properties of soil under the dry soil layer with a thickness of less than a meter, which indicates that it has a wet-dry change interface. To study the relationship between the copolarized phase difference due to the surface scattering and the depth of the brine layer in the Lop Nur region, we carried out a detailed field survey in 2013. A total of 32 sampling points were obtained from the lake region. The positions of the sampling points are marked out with red dots in Figure 1 . Figure 7 shows the linear fit of the results between the copolarized phase difference and the brine layer depth at the same sampling points. One image of the ALOS-PALSAR polarimetric data (L-band, quad-polarization, 23.9
∘ incidence angle for May 6, 2009) was used. We found that the copolarized phase difference has a good correlation with the subsurface brine layer depth, with a RMSE value and 2 of 4.1 cm and 0.82, respectively.
Based on the relationship established in Figure 7 and using the extracted copolarized phase difference from the model-based Freeman-Durden decomposition in the Lop Nur region, we calculated the brine layer depth for a line perpendicular to the stripes. The inversion results are shown in Figure 8 . The ROIs (regions of interest) were selected perpendicular to the stripes and were evenly distributed along the center to the shore of the lake. We can see significant fluctuations of the subsurface brine layer depth along the heart to the shore of the lake. In general, the subsurface brine layer depth increases from the center to the shore of the lake, which is in line with the general evolution of the lake retreat progress. However, Figure 8 shows three anomaly areas of the subsurface brine layer depth profile, indicated by the yellow boxes. If the water withdrawal process is continuous, then the extracted depth profile of the brine layer should have a continuous trend, and the anomaly areas in the figure will not appear.
After the drying-up process, the morphological traces of the Lop Nur Lake are the combined result of the chemical deposition of the upper surface and the invasion of the underground brine water deposition. First, it is needed to introduce the evolution of the surface salt crust. During the early lake retreat, the remaining water forms the prototype of the surface salt crust over a short time period. Then, the upper surface becomes dryer, and the brine water invades the upper layer by soil capillarity action crystallized in the nearsurface. Next, the underground brine rises to the subsurface and experiences crystallization. However, because of the pressure of the upper layer, the position of the brine water crystallization is continuously reducing. When it reaches a certain depth, the pressure of the upper layer and the force from the brine water crystallization will level off and will not have much impact on the upper and lower soil structure. This will increase the level of the horizontal pressure force and will ultimately form a dense layer, with an effect of holding the water below it, and finally the subsurface will have a distinct interface between wet and dry. Moreover, the formation of the ring textures of the lake should be analyzed, which are traces of its retreat. The bright stripes of the SAR image were formed during relatively dry periods. During this time very little water flowed into the lake and it retreated very quickly. The brine salt precipitation in the surface and underground has a joint effect on the formation of the bright stripes. The dark stripes formed during a sudden increase of the surface water in the lake, as it partially submerged the bright stripedregions that had formed before, namely, in the middle of a large lake retreat cycle; due to a temporary abrupt climate change, there will be several reciprocate cycles. Such sudden flood or climate events do not last long in general, after which there will be a rapid withdrawal process. Because of the short duration, it is assumed some of the salts up to the wet and dry interface will be lost. However, the dense interface between the wet and dry will not be affected. Therefore, the pressure from the layer above the wet and dry interface will be reduced, because of the force of the underground brine water, and the wet and dry interface in subsurface will be further uplifted. After this process a dark stripe will form, and its boundary between the bright stripes is clearly visible.
The satellite images of the Lop Nur area display light and dark, approximately concentric, ring structures. These ring stripes vary in width and are sometimes stacked. The "big ear, " composed of the ring textures, is the most striking feature of Lop Nur in remote sensing images. Different interpretations have been provided for the ring-shaped stripes. Although the arguments differ, it is clear that each ring texture is the mark of a Lop Nur Lake border during a climate period. The depth of subsurface brine layer throughout the Lop Nur Lake area is shown in Figure 9 . The depth map of the subsurface brine layer also has ring structures, which is consistent with common knowledge. Figure 9 : The distribution of the depth of brine layer throughout the Lop Nur lake area by phase inversion method. In the lake area we can see significant changes in depth. In this figure we used the mean filter with 11 × 11 windows size to highlight the differences.
However, using the inversion map, we found that the depth of the subsurface brine layer is different during each ring stripe (deeper in the northeast). This is contrary to the normal process of lakeshore retreat. In the general process of lakeshore retreat, the different parts of one ring stripe are formed during the same period and may have the same subsurface brine layer depth. This phenomenon may be due to the effects of wind stress, as proposed by Wang et al. [31] , because there was a prevailing perennial northeasterly wind in the Lop Nur region. Particularly in the spring, the wind speed is up to 40 m/s. Thus, during the process of lake retreat, the northeast of Lop Nur was at times covered with water. Because of the strong evaporation in this part, the surface out of the water will have collected more crystallized salt. After the lake dried up, the expansion of the upper surface salinity became stronger and it was difficult for the underground brine water to rise and crystallize, which led to the increased depth of the subsurface wet and dry interface. The ring stripes in the southwest direction of the lake had not been out of the water and would experience the normal crystallization process. Therefore, the distribution of the depth of the subsurface brine layer is comparatively lower in the southwest direction of the lake. This phenomenon is particularly evident in Figure 9 .
Conclusions
Based on field investigations and laboratory analysis, we studied the dielectric properties and structure of the soil layers in the Lop Nur lake region, where a subsurface wet and dry interface layer is thought to exist with different dielectric properties. We then simplified the structure of the soil in the Lop Nur Lake into a two-layer medium. The material composition of first layer is not uniform, with some pure salt and some saline mixed layers. The water content of first layer is very low. The second layer and the soil beneath it is very wet and contains a lot of salt, and the SAR signals cannot penetrate and continue to spread. Based on the theory proposed by Lasne et al. and the two-layer structure established above, we studied the relationship between the copolarized phase difference of the surface scattering and the dry medium thickness in the Lop Nur Lake region. The surface scattering copolarized phase difference is extracted using the model-based polarimetric decomposition method. By analyzing 25 field sampling points and the extracted surface scattering copolarized phase difference, we found a good linear correlation between the measured subsurface brine layer depth and the copolarized phase difference with an 2 of 0.82. This indicates that the inversion of the subsurface brine layer depth by copolarized phase difference is feasible.
On this basis, we calculated the copolarized phase difference and the subsurface brine layer depth of the entire lake area. By analyzing the distribution of the subsurface brine layer depth, we found that the dielectric layer depth has an overall trend with an increasing subsurface brine layer depth from the center to the shore of the lake, which is consistent with the known pattern of lake retreat. We found three anomaly areas on the profile of the subsurface brine layer depth, shown as a sudden deepening of the dielectric layer depth. This may be mainly due to a sudden injection of large amounts of flood water, which indicates a temporary regression of the drying-up cycle of the lake. The regression may also be caused by certain climate processes and will cause large structural changes to the soil layer in the Lop Nur Lake area. We have discussed the mechanism of this process in detail. Using the estimated depth map we found that the depth of the subsurface brine layer is different during each ring stripe (deeper in the northeast). This is contrary to the normal process of lakeshore retreat. Based on the hypothesis of the evolution of the surface salt crust and the wind stress factors, we are able to explain this phenomenon theoretically.
Remote sensing has advantages for studying geological phenomena on a large spatial scale. We have confirmed that the surface patterns and specific subsurface parameters, such as brine layer depth, are correlated with the process of paleoclimatic changes. Given the paleoclimatic significance of the Lop Nur Lake and based on the capability of SAR to detect structural and chemical parameters in subsurface layers, the reconstruction of historical evolution process of Lop Nur will be an interesting topic for future research.
